We examined the relationship between anterior knee laxity (AKL), evaluated while the knee was nonweight bearing, and anterior translation of the tibia relative to the femur (ATT), evaluated when the knee transitioned from nonweight-bearing to weight-bearing conditions in response to an applied compressive load at the foot. Twenty subjects with normal knees (10 M, 10 F; 25.2 ± 4.1 years, 169.8 ± 11.5 cm, 71.6 ± 16.9 kg) underwent measurements of AKL and ATT of the right knee on 2 days. AKL was measured at 133N with the KT-2000™. ATT was measured with the Vermont Knee Laxity Device and electromagnetic position sensors attached to the patella and the anteromedial aspect of the proximal tibia. Three trials for each measure were averaged and analyzed. Measurement consistency was high for both AKL (ICC = 0.97; SEM = 0.44 mm) and ATT (ICC = 0.88; SEM = 0.84 mm). Linear regression revealed that AKL predicted 35.5% of the variance in ATT (p = 0.006), with a prediction equation of YATT = 3.20 + 0.543(XAKL). Our findings suggest that increased AKL is associated with increased ATT as the knee transitions from nonweight-bearing to weight-bearing conditions. The potential for increased knee joint laxity to disrupt normal knee biomechanics during activities such as landing from a jump, or the foot strike phase of gait deserves further study.
INTRODUCTION
Increased anterior knee joint laxity has been identified as a risk factor for anterior cruciate ligament (ACL) injury among females. 1 In a prospective study of nearly 1200 United States Military Academy cadets, generalized joint laxity (both males and females) and anterior knee laxity values that exceeded 1 standard deviation (SD) of the mean (in females) were found to be significant predictors of ACL injury risk. 1 Females with knee laxity values greater than 1 SD of the mean had a relative risk of suffering an ACL injury that was 2.7 higher compared to females with lower knee laxity values. These findings are supported by a retrospective study that identified a relationship between increased anterior knee laxity and ACL injury status, 2 as well as other studies that have reported an increased risk of lower extremity joint injury in lax and hyperlax individuals. [3] [4] [5] [6] Although some studies have observed a link between generalized joint laxity with both lower extremity musculoskeletal injury and joint sprains in athletes, 3, 6 others have only observed a link with knee and ankle joint sprains without concomitant differences in overall musculoskeletal injury rates. 4, 5 Knee laxity, particularly varus-valgus laxity, has also been implicated as a risk factor for knee osteoarthritis, secondary to its effects on the load distribution and stresses placed on the joint. 7 Although females typically have greater anterior knee joint laxity, [8] [9] [10] and are at increased risk of suffering ACL injury 11, 12 and osteoarthritis 13, 14 compared to males, the specific mechanism(s) by which increased knee joint laxity may modify risk is unknown. Potential mechanisms include reduced proprioceptive sensitivity to joint displacements and loads, 9, 15 hormonal influences on ligament behavior and tensile strength, [16] [17] [18] and altered knee joint function during weight bearing. 15, 19, 20 Research indicates that anterior translation of the tibia relative to the femur occurs when transitioning from nonweight bearing to weight bearing with the knee near extension (e.g., 20-308 of flexion), 19, 20 which is restrained by the ACL in the normal knee. 19 These findings, combined with evidence of abnormal increases in anterior tibial translation with sectioning of the ACL, 20 indicates the ACL is strained during weight bearing and plays a role in maintaining normal knee biomechanics during activities such as landing from a jump, or the foot strike phase of gait. 21 Hence, subjects that have increased laxity of the nonweight-bearing knee may also experience increased anterior displacement of the tibia relative to the femur as the joint transitions from nonweightbearing to weight-bearing conditions (e.g., at the point of initial ground contact), and this may be associated with altered alignment of the joint surfaces. This may be of particular concern for physically active females who, compared to males, demonstrate quadriceps dominant recruitment strategies [22] [23] [24] and greater anterior-directed shear forces 23, 25 during deceleration; factors that would further accentuate anterior displacement of the tibia relative to the femur and increase ACL strain.
Anterior-posterior knee laxity is typically measured in the clinic with the subject nonweight bearing using the KT-2000 TM or a similar arthrometer device. We are unaware of any literature that has examined whether subjects who have increased knee laxity as measured clinically during nonweight-bearing conditions also experience greater joint displacement upon acceptance of weight-bearing loads. This knowledge is critical to our understanding of joint mechanics upon foot strike, the point in time during most activities when ACL injury is thought to occur. 26 Hence, our purpose was to examine the relationship between anterior knee joint laxity and anterior translation of the tibia relative to the femur when transitioning from nonweight-bearing to weight-bearing conditions using an applied compressive load to the foot to simulate the foot strike phase of gait. We hypothesized that when subjects transitioned from nonweight bearing to weight bearing via this compressive load, subjects with increased anterior knee laxity would experience greater increases in anterior tibial displacement relative to the femur.
MATERIALS AND METHODS
Twenty healthy subjects, (10 M, 10 F; 25.2 ± 4.1 years, 169.8 ± 11.5 cm, 71.6 ± 16.9 kg) who reported no injury or chronic pain in either lower extremity for the past 6 months, or any history of knee ligament injury or surgery, volunteered to participate. Our sample size of 20 participants was based on previous pilot data and adequate power for a two-predictor regression model. Prior to participating, all subjects were informed of the study and associated risks, and signed a consent form approved by the University's Institutional Review Board.
All testing was performed on the right knee in a laboratory setting, with identical procedures performed on two separate days to confirm measurement reliability. After obtaining the subject's height and weight, a single examiner (Y.S.) with previously established intratester reliability (ICC2,k ¼ 0.85; SEM ¼ 0.70 mm) measured anterior knee laxity (AKL) using the KT 2000 TM Knee Arthrometer (MEDmetric® Corp; San Diego, CA). Knee laxity was defined as the amount of anterior tibial displacement at 133 N. As 133 N is the measure most commonly used in clinical practice and research, our desire was to compare this clinical measure with weightbearing biomechanics. Participants were positioned supine per manufacturer's guidelines with the thigh supported just proximal to the popliteal fossa, the knees flexed to 25°, and the ankles placed in the manufacturer provided foot cradle. A Velcro strap placed around the subject's thighs minimized rotation of the lower extremity. The KT-2000 TM was then attached to the leg in proper alignment with the joint line of the knee. With the participant relaxed, three anterior to posterior directed forces were applied to the anterior aspect of the tibia to identify a stable neutral point, followed by an anterior directed force just over 133 N to measure anterior tibial displacement in millimeters (mm). A bubble level fixed to the device ensured a direct anterior pull was achieved. Three trials were recorded.
Anterior tibial translation (ATT) was measured with the Vermont Knee Laxity Device (VKLD; University of Vermont, Burlington, VT). The subject was positioned in the VKLD with the knee unweighted, and a counterweight system was used to offset the gravity loads acting on the lower extremity, creating an initial zero shear load across the joint. The VKLD was then used to measure displacement of the tibia relative to the femur as the knee transitioned from nonweightbearing to weight-bearing conditions (Fig. 1) . 27 Subjects were positioned in the VKLD with the right foot strapped to the foot plate, the second metatarsal visually aligned with the anterior superior iliac spine (ASIS), and the anatomical flexion axes of the ankle and hip joints aligned with the mechanical axes of rotation of the VKLD counterweight system. Once properly positioned in the VKLD with the foot cradle in the locked position, the thigh and leg counterweights were applied to eliminate the posterior directed gravity forces acting on the thigh and shank thus creating the absolute zero shear load across the tibiofemoral joint. The thigh and shank counterweights, and their respective locations were selected by using the model of Zatsiorsky 28 to estimate segment masses and center of mass locations using the approach that has been previously reported.
Prior to data collection, electromagnetic position sensors (Mini Birds, Ascension Technologies, Colchester, VT) were securely strapped to the patella and the anteromedial aspect of the proximal tibia using the same approach previously reported. 27 The center of rotation of the knee and ankle joints were estimated using the centroid method that calculated the midpoint between the most medial and most lateral aspects of the knee joint lines and the medial and lateral malleoli, respectively. The hip joint center was also estimated using the centroid method, calculating the midpoint of a line defined anteriorly by a point placed medially from the ASIS greater trochanter midpoint at a distance equal to half the ASIS greater trochanter line distance, and defined posteriorly by a point placed posteriorly from the ASIS greater trochanter midpoint at a distance equal to the ASIS greater trochanter line distance. Pilot data supported the use of the digitization method to compute the hip joint center, and provided valid position data for knee flexion angle as verified by a standard, hand-held goniometer.
Following digitization of joint centers, the ankle and knee were flexed to 90°and 20°, respectively, and the subjects were instructed to relax their leg muscles. Three anterior to posterior forces were manually applied to the tibia just below the joint line to identify a reproducible neutral point. (Identifying a stable, reproducible neutral point with this procedure was confirmed with pilot testing and the collection of baseline data at the start of each trial.) Knee flexion angle was then confirmed (within ± 5°) at the start of each trial with both a handheld goniometer and real-time knee flexion angle data from the position sensors. This approach allowed us to establish a resultant zero shear load across the tibiofemoral joint, and create the same initial conditions for the measurement of anterior tibial translation for all subjects. A six degree-of-freedom load transducer (Model MC3A, Advanced Medical Technology, Inc; Watertown, MA) located at the foot ensured that an initial zero compressive load was applied to the tibia. Once the zero shear and compressive loads were achieved, the foot cradle was unlocked, and a compressive force equal to 40% of the subject's bodyweight was applied such that it acted through the ankle and hip axes. A compressive force equal to 40% of bodyweight was chosen to produce the loading condition experienced during double leg stance (assuming 50% of bodyweight applied to each leg, and 10% of bodyweight distributed below the knee). The tester did not indicate when the weight would be released and subjects were instructed to (1) not anticipate the release of the foot cradle, and (2) attempt to maintain the same knee position (20° knee flexion) upon joint loading. Following two to three practice trials, three cycles transitioning from nonweight bearing to weight bearing were completed for each subject. Position data were collected at 100 Hz from the electromagnetic tracking system. The VKLD was developed to minimize the amount of metal that could potentially interfere with the signal from the sensors. Using commercially available software (Motion Monitor, Innovative Sports Training; Chicago, IL) we con-firmed there was no signal distortion, then low-pass filtered the raw position data at 10 Hz using a fourthorder zero lag Butterworth filter. A segmental reference system quantified the three-dimensional kinematics of the knee during the transition from nonweight bearing to weight bearing. For each segment the +Z axis was directed laterally, the +Y axis was directed superiorly, and the +X axis was directed anteriorly. Euler's equations were used to describe joint motion about the knee with a rotational sequence of Z Y' X". 29 ATT was calculated as the displacement of the tibia with respect to the femur in the A-P plane. Peak ATT was defined as the initial peak value when transitioning from nonweight bearing to weight bearing (Fig. 2) . Knee flexion angles were obtained at the start of the trial and at peak ATT to quantify any change in knee flexion upon weight acceptance. We felt it was important to document the knee flexion change, as this could potentially change the relative orientation between the sensors in the A-P plane, and underestimate the measurement of ATT.
Three trials for both ATT measured by the VKLD and AKL measured by the KT-2000 TM were averaged and used for analysis. Repeated-measures ANOVA were used to calculate the intraclass correlation coefficients (ICC2,k) and standard error of measurements (SEM) to confirm measurement consistency across repeat test days for AKL and ATT. Reliability coefficients were calculated to demonstrate the investigators could obtain consistent and precise values with both the KT-2000 and VKLD, and ensure that substantial measurement error did not confound our ability to identify a relationship between AKL and ATT. Linear regression was used to examine the relationship between AKL (predictor variable) and ATT (dependent variable) while also accounting for any change in knee flexion angle (suppressor variable). An experiment-wise type I error rate of 0.05 was used. Table 1 
RESULTS

DISCUSSION
Our primary finding was that increased anterior knee joint laxity, measured with the knee nonweight bearing, was able to explain approximately 36% of the increase in anterior displacement of the tibia relative to the femur as the knee transitioned from nonweight-bearing to weight-bearing conditions via an applied compressive load to the foot. Based on the suggested guidelines for interpreting small, medium, and large effect sizes, an R 2 value of 0.25 (R-value of 0.50) is considered a large effect, which suggests the relationship between AKL and ATT is relatively strong. 30 This is noteworthy, given the substantial differences in how the two measures were obtained. AKL was measured with the subject supine, with instructions to relax the thigh musculature. The ATT measurement, on the other hand, is a more dynamic measurement, requiring the subject to activate their muscles to maintain their knee at 20° of flexion upon weight acceptance.
Even with the moderately strong relationship noted, approximately 65% of the variance in ATT remains unexplained by AKL. Hence, other factors likely contributed to the variance in anterior tibial translation with an applied compressive load, including changes in knee flexion angle, joint geometry (e.g., the slope of the tibial plateau), joint congruency, and muscle coactivation levels. Although we carefully controlled knee flexion angle, there was some variability between subjects, and knee flexion typically increased somewhat once the weight bearing load was released (7.1 ± 4.1°; range 1.0-14.7°). We chose to account for this variable in the regression model to determine if this contributed to measurement error and suppressed the relationship between AKL and ATT. The regression equation revealed the change in knee flexion had little influence on the data and the ability of AKL to predict ATT within the flexion range measured. Further, post hoc analysis determined that a 10° increase in knee flexion would be required to underestimate the ATT measure by approximately 0.5 mm, which is within the measurement error of the VKLD (Table 1) .
Relative muscle cocontraction likely had a greater influence on the unexplained variance in ATT. Given the dynamic nature of the task, and the instructions to maintain the knee at the 208 flexed position during load acceptance, some level of muscle activation was required to stiffen the joint upon loading, and may have modified the amount of ATT that was observed across subjects. Not accounting for this variable in our prediction model assumes that subjects used similar muscle activation strategies to stabilize the knee when transitioning from nonweightbearing to weightbearing postures. Because we did not measure muscle activity, or the geometry of the thigh muscles, we are unable to examine the influence of neuromuscular parameters on intersegmental forces across the knee joint, and the extent to which these factors may modify the relationship between AKL and ATT. However, even with this factor unexplained, the regression equation indicates a relatively strong relationship between AKL and ATT, yielding an approximate 2:1 ratio between increases in AKL and ATT. Future work accounting for the combined influence of knee flexion, neuromuscular parameters, and joint geometry should further clarify the strength of the relationship between AKL and ATT.
Although increased joint laxity has been identified as a predictor of increased ACL injury risk in women, 1 the mechanism for this increased risk has received little attention. Our findings support that this relationship may in part be a biomechanical phenomenon, potentially leading to joint instability or incongruity. When examining studies of ACL injury mechanisms, they typically describe an injury that occurs at or near foot strike with the knee near full extension. 26, 31, 32 As previously discussed, when compressive loads (simulating weight bearing) are applied to the knee joint near full extension (15-308 flexion), there is an anterior shift of the tibia relative to the femur, 19, 20 which is restrained by the ACL. 21, 33 This suggests that the ACL becomes strained during the transition from nonweight bearing to weight bearing, and may play an integral role in positioning the knee and resisting excessive joint motion during activities such as landing and foot strike during plant and pivot maneuvers. The current findings suggest that greater tibiofemoral joint displacement may occur upon foot contact in individuals with increased anterior knee laxity. Whether this modest increase in joint displacement in an otherwise healthy knee is sufficient to disrupt normal joint biomechanics and increase risk of ligament injury requires further study. However, limited studies examining neuromuscular strategies in females with increased knee laxity indicate this displacement may place greater demands on the neuromuscular system to actively stabilize the joint. 9, 15 Rozzi et al. 9 examined neuromuscular control in healthy male and female collegiate basketball and soccer athletes. Compared to males, females had greater knee laxity (mean difference of ~1.25 mm) and increased lateral hamstring activity when landing from a jump. They proposed that increased hamstring activity was an active strategy to stabilize the knee in the presence of reduced passive (i.e., capsuloligamentous) stability. In other work comparing neuromuscular control strategies in females with above-average and below-average knee laxity, females with increased knee laxity demonstrated approximately 20% higher activation levels of the bicep femoris both prior to (i.e., while standing on a single leg at 30° of knee flexion) and following a forward and rotational perturbation of the trunk and femur on the weight bearing tibia. 15 Medial and lateral gastrocnemius activation was also found to be approximately 10% higher prior to the perturbation. Studies examining both neuromuscular and biomechanical function are needed to clarify the link between anterior knee laxity, weight-bearing joint mechanics, and neuromuscular control strategies to determine whether these neuromuscular strategies serve to effectively stabilize the tibia during dynamic loading conditions. The measurement of anterior knee joint laxity is commonly performed by clinicians, and requires minimal time and equipment. Hence, this method would be preferred over more sophisticated biomechanical analyses to identify those at risk for knee joint trauma during weight-bearing activity. Our objective for this study was to provide a sufficient level of experimental control and measurement precision to determine the link between a simple, clinical (nonweight bearing) measure of knee joint laxity and knee joint mechanics upon weight acceptance of a healthy limb in the anterior-posterior plane. One limitation of the study is that it simulated what occurs during a standing posture, with the subject in a supine position and the load applied in a single axial plane through the hip and knee axes of rotation. It may be that the muscular strategies that subjects used to maintain their knee joint in a fixed position upon weight acceptance in the current study were different compared to what occurs during upright weight bearing. Challenges that limit measurement precision during upright weight bearing include the ability to control the knee angle upon weight acceptance, trunk position relative to the knee, tibiofemoral shear loads prior to foot contact, and center of mass position over the foot. Hence, this model offers the best alternative to test our hypothesis by: (1) establishing a repeatable, initial zero-shear load reference position of the tibia relative to the femur through counterbalanced weighting, and (2) applying an axial compression load that acts through the axes of rotation of the ankle and hip joints. This study was also limited to examination of the healthy knee in a relatively homogenous age group (range 18-31 years), and it is unknown whether similar relationships would be observed in an injured knee (e.g., ACL deficient or reconstructed) or other age populations (e.g., adolescent, older adults). Further, the sample size was not powered to examine sex differences, and future work is needed to determine if the prediction of ATT by AKL is similar for males and females.
Further research is needed to clarify the relationship between increased knee laxity (as measured during nonweight bearing), weightbearing knee joint neuromechanics, and increased risk of knee joint trauma. In addition to future directions previously identified, future work should explore the impact of joint laxity in frontal and transverse planes of motion. Although the current findings are limited to the anterior-posterior plane, there is evidence that healthy, young adult females who have increased anterior knee laxity also have increased valgus knee laxity compared to males. 7, 34 Although largely studied as a risk factor for osteoarthritis rather than ACL injury risk, 35, 36 increased valgus laxity has the potential to disrupt joint mechanics in the frontal plane, and together with anterior knee laxity impact transverse plane knee motion. 37 Additionally, examining the impact of cyclic increases in knee laxity across the menstrual cycle [38] [39] [40] would serve to further clarify the relationship between sex, knee joint laxity, and weight-bearing knee joint neuromechanics.
